A mutant of Escherichia coli is described that displays kirromycin resistance in a cell-free system by virtue of an altered elongation factor Tu (EF-Tu). In poly(U)directed poly(Phe) synthesis the kirromycin resistance of the crystallized enzyme ranged between a factor of 80 and 700, depending on temperature. Similarly, kirromycin-induced EF-Tu GTPase activity uncoupled from ribosomes and aminoacyl-tRNA required correspondingly higher concentrations of the antibiotic. Resistance of EF-Tu to kirromycin is a consequence of a modified enzyme structure as indicated by its altered fingerprint pattern.
P1 transduction experiments showed that the kirromycinresistant EF-Tu is coded by an altered tufB gene (tufBl). The known existence of two genes coding for EF-Tu would interfere with the recognition of a mutant altered in only one of those genes, if the mutation were recessive. Because kirromycin blocks EF-Tu release from the ribosome, kirromycin sensitivity is dominant, as shown by the failure of a mixed EF-Tu population to express resistance in vitro. Therefore, phenotypic expression of kirromycin resistance in vivo appears to be only possible if the EF-Tu mutant lacks an active tufA gene, a property likely to be inherited from the parental D22 strain: The observations that introduction of a tufA+ region makes the resistant strain sensitive to the antibiotic and that transduction of tufB1 into a recipient other than E. coli D22 yields kirromycin-sensitive progeny support these conclusions.
In addition to its well-established function in the elongation cycle, there is increasing evidence that elongation factor Tu (EF-Tu) is involved in other important biological processes of the bacterial cell. EF-Tu has been reported to participate in the regulation of rRNA synthesis (1) , to represent a subunit of the Q,# replicase (2) , and to be associated with the bacterial cell membrane with still undefined functions (3, 4) . No correlation has yet been made between these EF-Tu functions and the two genes, tufA and tufB, that have been shown to code for EF-Tu in the Escherichia coil genome (5) .
The isolation of well-characterized mutants with altered EF-Tu may improve our insight into the mechanism of action of this multifunctional protein. So far, reports have been published on temperature-sensitive EF-Tu (6, 7) and on a tufBcoded EF-Tu structurally altered in a region irrelevant to its function (8) . The recent finding of kirromycin, an inhibitor of protein biosynthesis acting on EF-Tu (9-13), has offered the possibility of directly selecting E. coil mutants carrying an EF-Tu resistant to an agent that affects a region critical for the activities of this elongation factor. In this communication we describe the isolation of such a mutant and some characteristics of the altered EF-Tu. The kirromycin-resistant mutant was isolated from E. coil D22 (14, 15) , a K12 strain with an altered membrane permeable to kirromycin. The mutagenized cell population was screened 6-60 hr after treatment with N-methyl-N'-nitro-N-nitrosoguanidine (18) by plating on tryptone/NaCl agar plates (18) supplemented with kirromycin at 0.1, 0.2, and 0.4 mg/ml. Bacteria from resistant colonies were replicated on plates containing increasing concentrations of kirromycin (0.1-3 mg/ml). Slowly growing colonies were selected and cultivated at 340 in minimal medium of Davis and Mingioli (19) , supplemented with L-histidine, L-proline, and L-tryptophan at 50 mg/liter and thiamine-HCI at 10 mg/liter. The cells were harvested in late logarithmic phase by centrifugation, and washed twice in cold buffer (25 mM Tris-HCI, pH 7.8/10 mM MgCI2). Cell extracts were prepared by sonication of a cell suspension (0.5-1 g/ml) in standard buffer (60 mM Tris-HCI, pH 7,8/30 mM NH4CI/30 mM KCI/10 mM MgCI2/2 mM dithiothreitol); cell debris was spun down at 40,000 X g and the supernatant (S30) was examined for kirromycin resistance in poly(U)-directed poly(Phe) synthesis.
To prepare purified EF-Tu, bacteria were grown in minimal medium in a 200-liter fermentor that was inoculated with 10 liters of culture. After 71/2 hr of growth at 340 with strain D22 or 23 hr with strain D2216, the cells were harvested in the late logarithmic phase and stored as a paste at -65°. The 40,000 X g (S30) and 105,000 X g (S100) supernatants of the cell extract, as well as pure EF-Tu, elongation factor Ts (EF-Ts), elongation factor T (EF-T = EF-Tu-EF-Ts), elongation factor G (EF-G), and NH4CI-washed ribosomes, were isolated as described (11, 20, 21) except that with EF-Tu from strain D2216, an additional chromatography on DEAE-Sephadex A50 had to be applied to accelerate crystallization. One microgram of EF-Tu, EF-Ts, EF-T, and EF-G was taken to correspond to 24, 35, 15, and 12 pmol, respectively, and 1 A260 unit of ribosomes, to 25 pmol (21) . Resistance of EF-Tu to kirromycin was determined by the concentration of the antibiotic needed for either a 50% inhibition of poly(U)-directed poly(Phe) synthesis (9) or a 50% inAbbreviations: EF-Tu, elongation factor Tu; EF-Ts, elongation factor Ts; EF-T, elongation factor T, the complex formed by EF-Tu and EF-Ts (EF-Tu-EF-Ts); EF-G, elongation factor G. duction of GTPase activity (21) with EF-Tu alone. Protein concentrations were determined by the method of Lowry et al. (22) , with bovine serum albumin as standard. Allof the other biological components and materials, including the labeled products, were the same as used before (9-12, 20, 21) .
To map the mutation, phage P1 transduction and conjugation experiments were performed by utilizing a rifampicin-resistant strain of D2216 (D2216Rifr) selected after spontaneous mutation (18) . For (4, 25) . Dominance of sensitive EF-Tu is a consequence of kirromycin action which inhibits protein synthesis by blocking EF-Tu release from the ribosome after enzymatic binding of aminoacyl-tRNA and subsequent GTP hydrolysis (9) (10) (11) (12) .
With increasing temperature up to 40°, both control and mutant EF-Tu became progressively less susceptible to the antibiotic. This loss of sensitivity was more pronounced with the mutant EF-Tu, so that at 400 a concentration of the antibiotic 700-fold higher than with the parental strain was necessary for a 50% inhibition of its activity (Fig. 2) .
Proc. Nati. Acad. Sci One of the most striking effects of kirromycin is its ability to substitute for aminoacyl-tRNA and ribosomes in the activation of the center for GTP hydrolysis located on EF-Tu (9) (10) (11) (12) . In the presence of the antibiotic there is a significant GTPase reaction with EF-Tu alone. When this critical activity was tested with the altered EF-Tu, the kirromycin concentration needed for a 50% activation corresponded to that required for 50% inhibition of poly(U)-directed poly(Phe) synthesis and as well was 80-to 100-fold higher than with EF-Tu from strain D22 (Fig. 3) .
On polyacrylamide slab gel electrophoresis without sodium dodecyl sulfate, the EF-Tu from the mutant disclosed a slight but significant increase in mobility, whereas in the presence of the detergent no difference from that of the control EF-Tu could be observed (not illustrated).
To learn the extent of the structural alteration, we compared the fingerprint of the kirromycin-resistant with that of the sensitive EF-Tu. Although there are some uncertainties, in the area of the electrophoretically slowly moving spots, concerning position and fluorescence intensity of some tryptic peptides, a clear difference between the fingerprint of the resistant EF-Tu from D2216 and that of sensitive one from either D22 or E. coli B (the latter not shown) could be observed in one peptide (see arrows in Fig. 4 A and B) . The RF value of the changed peptide was 0.69 versus 0.61 for the control; its ratio in electrophoretic mobility was 0.94. The fingerprint of a mixture of the two hydrolysates emphasizes the clear difference between the two peptides (Fig. 4C) .
We Genetic Evidence for the Existence of Only One Active tuf Gene in Strains D22 and D2216. In the preceding section we concluded that phenotypic expression of kirromycin resistance via EF-Tu is only compatible with the absence of kirromycinsensitive EF-Tu. The experiments carried out to investigate the genetic constitution of EF-Tu in strains D22 and D2216 support this conclusion. To localize whether tufA or tufB codes for kirromycin resistance, we examined the cotransducibility of this property by general transduction with phage P1 lysates of strain D2216 made resistant to rifampicin (strain D2216Rifr). The resulting transductants of strain D22, selected by means of the transmitted rifampicin resistance, revealed at the same time kirromycin resistance (15 of 15) . Because phage P1 cotransduces markers within 1.8 min distance of the recombination map of the E. coli chromosome, the gene coding for kirromycin resistance must be located in the proximity of the rpoB locus which codes for rifampicin resistance. Thus, the kirromycin resistant EF-Tu is a product of the tufB gene (tufBl). A P1 cotransduction of kirromycin resistance into E. coli AT1371 (16), a recipient other than the parental strain D22, was not effective: all of the selected rifampicin-resistant progeny were kirromycin-sensitive both in vivo (20 of 20) and in the cell-free system (6 of 6). This result emphasizes the difference between strain D22 and strain AT1371 in the genetic constitution of EF-Tu.
To 4 . Fingerprint patterns of kirromycin-sensitive and kirromycin-resistant EF-Tu. EF-Tu from either strain D22 or D2216 was extensively dialyzed against H20 (24 hr) and then heated for 1 hr at 100°. Tryptic digestion was carried out at 370 by pH-Stat titration (pH 8.5) with 25 mM NaOH using an autoburette (Radiometer, Copenhagen, DK). To start the digestion, 1.5% (wttrypsin/wtEF-Tu) of trypsin (TPCK-treated, Merck, Darmstadt, GFR) was added to the EF-Tu suspension. When the liberation of acid reached a plateau, additional trypsin was added, 1% after 2 hr and 0.5% after 4 hr. The reaction was stopped after 5-6 hr, and the peptide digest was lyophilized and redissolved in 10 mM NH4HCO3 (about 20 mg of peptides per ml). Samples containing 7-10 nmol of EF-Tu were applied to paper sheets 49 X 50 cm (2043b Mgl, Schleicher & Schull, Dassel, GFR) and chromatographed for 16 hr at 240 in n-butanol/pyridine/ acetic acid/water, 90:60:18:72 ( vol/vol). Electrophoresis of the dried chromatograms was carried out for 2.5 hr at 240 at 3 kV, 0,25 amp (electrophorator D, Gilson, Villiers-le-Bel, F) in 1.25% pyridine/1.25% acetate buffer. The peptides were visualized by spraying with 0.005% fluorescamine/acetone solution (28) ther of the two gene copies coding for EF-Tu were transferred to the mutant. For transmission of tufB+ we chose E. coli BW1 13, a valine-resistant Hfr strain which transfers tufB+ early and tufA+ late (17) , starting at about 7 min of the E. coli recombination map (Fig. 5 ). In spite of a possible transmission of tufA+, the selective isolation of tufB+ recombinants was maintained by screening for streptomycin-resistant progeny. An additional transfer of tufA+ was thus made possible only by a crossing-over between the very close tufA and rpsL, the locus of streptomycin resistance. The Valr,Strr recombinants of this conjugation-which were rifampicin-sensitive, supporting an exchange of tufBl-were sensitive to kirromycin in vvo (20 of 20) and in poly(U)-directed poly(Phe) synthesis (8 of 8) . As a donor of tufA+, we used the Hfr strain E. coli KL228, which transfers ilv early and his late (17) , starting chromosomal transfer at the replication origin of 83 min (Fig.  5 ). An additional transmission of tufB+ is highly improbable, implying an almost entire transfer of the donor chromosome as well as an additional double crossing-over if selected for ampicillin-resistant recombinants. The ampr,his + progenywhich were streptomycin-sensitive, confirming the exchange of tufAl region-were sensitive to kirromycin, both in vivo (15 of 15) and in the cell-free system (6 of 6). This kirromycin sensitivity associated with transmittance of tufAl confirms the dominance of sensitive EF-Tu.
It is interesting that introduction of either tufA+ or tufB+ into strain D2216Rifr restored a cell growth rate comparable to that observed with strain D22. This supports an association of the EF-Tu alteration mediating kirromycin resistance with the slowed growth rate.
DISCUSSION
In each round of the elongation cycle, EF-Tu catalyzes the enzymatic binding of aminoacyl-tRNA to the ribosome with concomitant hydrolysis of GTP. This is followed by the release of the EF-Tu-GDP complex from the ribosome, which allows the transfer of the peptidyl moiety from peptidyl-tRNA to the newly bound aminoacyl-tRNA (for review, see ref. 26 ). The recently discovered antibiotic kirromycin (23) inhibits the elongation cycle by acting specifically on EF-Tu (9-12). Kirromycin affects allosterically the interaction of EF-Tu with GTP, aminoacyl-tRNA, and ribosomes (9) (10) (11) (12) ; in its presence, each ligand can interact efficiently with EF-Tu even in absence of the normally needed effectors. As a result, the EF-Tu. ribosome complex fails to dissociate after GTP hydrolysis, inhibiting peptide bond formation and recyclization of EF-Tu. Given this mechanism, the large excess (4-to 14-fold) of EF-Tu over ribosomes (4, 25) 
